Magnetic tunnel junctions (MTJs) consisting of GdFe/Al oxide/Co/TbFe layers were fabricated. The GdFe and TbFe layers were perpendicularly magnetized, and the TbFe and Co layers were exchange-coupled with each other. Magnetoresistance (MR) curves were measured for MTJs with Co layers of various thicknesses while applying a field perpendicular to the film plane. The MR ratio showed a maximum of 12.1% when the Co layer thickness was 0.5 nm. Calculation using a noncontinuum model showed that the direction of the Co magnetization in the exchange-coupled film was perpendicular to the film plane when the thickness of the Co layer was less than 0.4 nm, which was consistent with measured magnetization curves as well as the results of simulation.
Introduction
Spin-dependent tunneling is a very attractive technology in the area of magnetic random access memory (MRAM). Most MRAM chips contain in-plane magnetic tunnel junctions (MTJs). However, when an in-plane magnetic film is patterned on a submicron scale, magnetization curling occurs at the edges of the film.1) On the other hand, perpendicular ferrimagnetization films prevent any magnetization curling at the film edge.
In previous studies, we prepared tunnel magnetoresistance (TMR) films and giant magnetoresistance (GMR) films, using perpendicularly magnetized films, and found that they showed a magnetoresistance effect.2), 3) However, it is difficult to use them as sensors or memory elements because their MR ratio is as small as 1%.
We supposed that one of the reasons for this is the presence of rare earth atoms in the ferrimagnetic electrode of TMR films. In rare earth metals and their alloys, the density of 5d and 6s states is relatively high near the Fermi level, but the spin polarization of these states is thought to be very low. We therefore presumed that the MR ratio of MTJs using rare earth metaltransition metal (RE-TM) amorphous alloys should be smaller than that of MTJs using 3d transition metals. For this reason, we tried to increase the MR ratio of MTJs with perpendicularly magnetized RE-TM amorphous alloy films by inserting a highly spin-polarized FeCo between the RE-TM and oxide layers. Consequently, we achieved a large MR ratio of 55% at room temperature.4) The purpose of this paper is to offer a more detailed examination of the influence of the magnetization direction of a high-spin-polarization layer on the MR ratio. To facilitate understanding of the effect, a Co layer was inserted only between the Al oxide layer and the TbFe layer. MTJs with a structure of GdFe/Al oxide/Co/TbFe were studied. Here, a GdFe layer was used for the free layer (low-coercivity layer) and a TbFe layer was used for the pinned layer (high-coercivity layer). In both layers, Fe sublattice magnetization is dominant, and the directions of net magnetization and Fe sublattice magnetization are parallel to each other.
Experimental results
Film samples with a structure of Si-wafer/AlCu (25nm)/ GdFe (50nm)/Al-oxide (2.2 nm)/Co/TbFe (30 nm)/Pt (2 nm) were prepared, using a magnetron sputtering system. Surface-oxidized Si wafers were used for the substrate. The tunnel barrier of the Al oxide layer was made by exposing to the atmosphere the surface of a film made by RF magnetron sputtering from an Al2O3 target, and further RF plasma oxidation was performed in oxygen gas. Seven kinds of samples were prepared with various Co thicknesses (none, 0.5nm, 1.0mn, 1.5nm, 2.0mn, 2.5nm, and 3.0nm). In Fig. 2(b) , the resistance gradually changes with an increase of the magnetic field. This phenomenon was also found in samples with Co layer thicknesses of 1.5 nm, 2.0 nm, 2.5 nm, and 3.0 nm. Figure 3 shows the measured I-V characteristics of an MTJ with a 0.5-nm-thick Co layer, and a fitted curve obtained by using Simons's equation.7) From the fitting result, the height of this tunnel barrier is estimated at approximately 1.7 eV, and the thickness of the harrier at approximately the designed value of 2.2 nm. Figure 4 shows the MR ratio of an MTJ with a 0.5-nm-thick Co layer as a function of the dc bias voltage. It can be seen from this result that the DC bias voltage at which the MR ratio falls by 1/2 is as high as 600 mV. As can be seen from Figs. 3 and 4, the Al oxide layer seems to have sufficient quality for the tunnel barrier. 
where the z axis is normal to the film plane and is the angle between the magnetization and the z axis. A and Ku are the exchange stiffness constant and the perpendicular magnetic anisotropy constant, respectively. Ms is the saturation magnetization, and H is the magnetic field applied in the z direction. The distribution of the magnetization direction as a function of z can be obtained by minimizing Et. Figure 5 shows the magnetization direction b as a function of z calculated for exchange-coupled layers with various Co layer thicknesses, where z = 0 corresponds the interface of the two layers. Here, no external magnetic field is applied and the saturation magnetization MsTbFe, and the perpendicular anisotropy constant KuTbFe of TbFe are 100 emu/cc and 3.0 x 106 erg/cc, respectively, measured for a single-layer sample using a VSM and a torque magnetometer. The exchange stiffness constant Art,Fe was assumed to be 1.2 x 10-7 erg/cm.(9) For the Co layer, bulk values were assumed in the calculation: the saturation magnetization MsCo is 1423 emu/cc, the exchange stiffness constant ACo is 13 x 10-6 erg/cm, and the perpendicular anisotropy was neglected.10) 11)
As can be seen in Fig. 5 , when the Co thickness is 0.5 nm or more, the magnetization direction Os at the Co surface is inclined from the normal to the film plane. The change in the angle is seen in the region within 5 nm of the TbFe layer from the interface between the Co and TbFe layers. To check the magnetization state of the MTJs, we prepared multi-layer Si-wafer/AlCu (25 nm)/GdFe (50 nm)/Al oxide (2.2 nm)/Co/TbFe (30 nm)/Pt (2 nm) films with Co layers of various thicknesses and measured their magnetization curves by using 
where Gup and Gdown are the conductance for the field directions upward and downward, respectively, which are given by (3) Here Pi and P2 are the spin polarizations of magnetic electrodes, is the angle between the magnetizations of two layers, s is the thickness of the tunnel barrier, and
where m * and V are the effective mass of an electron and the height of the tunnel barrier, respectively In the following simulation, we assume that the MR effect is dominated by Fe and Co magnetization adjacent to the Al2O3 layers. To clarify why the MR curve takes the form shown in Fig. 2 we simulated the MR curve by substituting the value of ƒÓs shown in Fig. 9 into Eqs. (2) and (3). The result is shown in Fig.  10 , where it is assumed that the magnetization of the GdFe layer reverses at +/-200 Oe. As can be seen in Fig. 10 , the simulated MR curve shows a smaller variation of the MR ratio than the measured one in the region where the magnetization of GdFe layer does not change, but the forms of the curves are very similar to each other. Therefore, it is considered that the change in the direction of Co magnetization resulted in the peculiar form of the MR curve. 
